Genome editors are powerful tools that allow modification of the nuclear DNA in eukaryotic cells both in vitro and in vivo. In vitro modified cells are often phenotypically indistinguishable from unmodified cells, hampering their isolation for analysis. Episomal reporters encoding fluorescent proteins can be used for enrichment of modified cells by flow cytometry. Here we compare two surrogate reporters, RGS and SSA, for the enrichment of porcine embryonic fibroblasts containing mutations induced by ZFNs or CRISPR/Cas9. Both systems were effective for enrichment of edited porcine cells with the RGS reporter proving more effective than the SSA reporter. We noted a higher-fold enrichment when editing events were induced by Cas9 compared to those induced by ZFNs, allowing selection at frequencies as high as 70%.
Programmable nuclease-based technologies such as zinc-finger nucleases (ZFNs) (Urnov et al., 2010) and the bacterial clustered regularly interspaced short palindromic repeats (CRISPR)-associated (Cas) system (Cong et al., 2013) are powerful and versatile tools for genome editing. They can both induce site-specific DNA double-strand breaks (DSBs) in the genome of eukaryotic cells by utilising either the non-specific nuclease FokI or Cas9 respectively. While ZFNs direct localisation of the FokI dimer to the target sequence by specific DNA binding by zinc-finger domains, the CRISPR/Cas9 system relies on Watson/Crick base pairing between a small guide RNA and a 20-nucleotide target site flanked by a protospacer-adjacent motif (PAM) to direct the Cas9 nuclease (Sternberg et al., 2014) . The error-prone NHEJ pathway repairs many nuclease-mediated DSBs, resulting in the inclusion of small insertions or deletions (indels) at the repair site. These may result in frame shift if the target site is situated in protein coding sequence, and thereby functional gene disruption. Although application of designer nucleases have enabled targeted genome editing in numerous eukaryotic species and cell types (Hai et al., 2014; He et al., 2014; Ma et al., 2013) , there is often difficulty in the isolation of mutant cells post-modification due to grossly similar phenotypes between modified and wild-type counterparts, hampering their application to a certain extent. Recently, two different episomal surrogate reporter systems have been successfully used to enrich cells containing mutations induced by programmable nucleases.
One surrogate reporter, called RGS (Kim et al., 2011) , encodes a monomeric mRFP-eGFP fusion protein with a cloning site for introduction of the proposed target site located between the two reading frames. In its native conformation the mRFP is expressed from the constitutive promoter while the eGFP sits out of frame downstream (Fig. 1B) . Consequently, upon transfection cells express mRFP but not eGFP. DSB creation by engineered nucleases at the introduced target site between the two FPs results in NHEJ and frame shift mutations within the construct, resulting in a proportion of cells expressing both mRFP and eGFP (Fig.1C ) which can be detected and/or selected by FACS. The second reporter system also utilises a fluorescent switch. Named SSA (for single-strand annealing) this construct contains a non-functional GFP with a duplicated central domain containing the nuclease target site (Doyon et al., 2013) . In this instance generation of a DSB can restore GFP function when repair is via the SSA pathway ( Fig. 1E ).
To our knowledge, there is no report of a direct comparison between these two reporters for the enrichment of genome-modified primary cells. Competition between different DNA repair pathways has been documented, and which pathway predominates may be influenced by cell type and the nature of the broken ends (e.g., blunt end vs. overhangs ) (Preston et al., 2002) . As a designer-nuclease target gene we chose SIGLEC-1, as the encoded protein, sialoadhesin, is expressed in a tissue-specific manner on cell surface of macrophages and is a known receptor for porcine reproductive and respiratory syndrome virus (PRRSV) (Van Breedam et al., 2013) . We utilized either ZFN or CRISPR/Cas9 targeting SIGLEC-1 to compare the RGS and SSA reporters for enrichment of edited porcine embryonic fibroblasts (PEFs). The PEFs used throughout this study were primarily cultured from fetuses of Large White pigs at 30 days after insemination.
We designed a ZFN pair (ordered from Sigma-Aldrich) and one gRNA to target the same sequence within exon 6 of porcine SIGLEC-1 ( Fig. 1A & Supplementary table 1 ). We co-transfected the plasmids px330 (Addgene, #42230; 3 μg) encoding cas9 and sgRNA together with the RGS reporter (2.5 μg) containing the sgRNA/ZFN target sequence ( Fig.1 B & Supplementary table 2) into 1 × 10 6 PEF cells through electroporation at 1400 V, 40 ms, 1 pulse using the Neon transfection system (Invitrogen). Transfected cells were subjected to flow cytometry after 2 days in culture ( Fig.1 C) . Negative control cells transfected with the RGS reporter in the absence of px330 expressed mRFP (49%) but low levels of eGFP (3.3%) while co-transfection of both plasmids resulted in 26.5% red cells of which 15.3% were green. All green cells expressed mRFP ( Figs. 2A & B ). Next, we isolated the brightest 3.6% eGFP positive cells from the co-transfected population in order to analyse the SIGLEC-1 sequence at the genomic locus. We then repeated the above experiment but with the SSA construct (3 μg for transfection) in place of the RGS reporter. Flow cytometric analysis showed that 15.8% cells were eGFP positive, compared to only 4.5% cells when transfected with the SSA reporter alone (Figs. 2C & D) . FACS-sorted eGFP cells from each experiment were analysed for targeted mutation frequencies at the SIGLEC-1 genomic target site by T7 endonuclease I assay (T7E1) ( Supplementary table 3) , and compared with their unsorted counterparts. The RGS reporter system enabled a 2.8-fold enrichment in targeted mutation (36% vs.13%) when compared to the unsorted pool ( Fig. 2E ). The SSA reporter system was comparable, with a 2-fold enrichment (38% vs.19%).
The T7E1 assay tends to underestimate fold-enrichment at high mutation frequencies as mutant sequences can form homoduplexes, which are insensitive to T7E1 digestion (Kim et al., 2011) . To assess this, PCR amplicons containing the nuclease target sequences were cloned into the pMD18-T simple vector for Sanger sequencing to quantify the NHEJ events. Mutation frequency in the mRFP/eGFP positive fraction and in unsorted cells was 71.4% (35/49) and 9.26% (5/54) respectively, indicating a nearly 8-fold enrichment of mutations by using RGS reporter (Fig.   2F ). In contrast, only 3-fold (52% (26/50) vs. 17.3% (9/52)) enrichment of mutations was found by using SSA reporter (Fig. 2G ). Both the T7E1 assay and sequencing results demonstrate that both surrogate reporter systems are reliable for the efficient enrichment of gene-disrupted cells, with the RGS reporter proving more effective than the SSA reporter. By using the px458 vector (Addgene, #48138), which has a 2A-EGFP following Cas9, as a control (Fig.S1A) we demonstrated that the transfection efficiency of the RGS reporter (5.37kb) and SSA reporter (5.15kb) are comparable (Figs. S1B & D), indicating that transfection efficiency is unlikely to be a contributory factor influencing the difference in enrichment efficiency between these two reporter systems. A repair hierarchy has been shown to exist in mammalian cells in which NHEJ is promoted to limit the access of the more mutagenic SSA mechanism to the break site (Mansour et al., 2008) . Therefore, we speculated that after nuclease cleavage the SSA pathway mediated DNA repair may be either less frequent, or more time consuming than the NHEJ. Thus, the SSA reporter maybe a less direct indicator than the RGS reporter of a concurrent break repair at the genomic target site.
We next compared enrichment of cells cotransfected with a ZFN pair (1.5 μg DNA of each eGFP positive cells were selected by FACS for subsequent mutation characterization (Fig. 3B ).
By comparison, cotransfection of ZFN/SSA plasmids resulted in 9.46% cells that were eGFP positive as opposed to 4.57% cells transfected with the SSA reporter alone; eGFP positive cells were selected by FACS for subsequent mutation characterization (Fig. 3D) .
To evaluate the mutation enrichment efficiency of RGS and SSA reporter, the T7E1 assay was performed on isolated gDNA, demonstrating a mutation frequency of 17% and 18% respectively. This was 1.7-and 2-fold higher than in unsorted cells (10% and 9%, respectively; Fig. 3E ). The enrichment efficiencies were confirmed by sequencing the target region, which revealed the mutation frequency after RGS or SSA reporter selection was 1.98-fold (21.95% (9/41) vs. 11.11% (6/54)) or 1.84-fold (17.31% (9/52) vs. 9.4% (5/53)) higher in sorted cells respectively (Figs. 3F & G) . Surrogate reporters have previously been used for enriching cells with mutations induced by programmable nucleases in tumor cell lines (Cradick et al., 2014; Kim et al., 2011; Ramakrishna et al., 2014) . However, the targeted tumor cells identified by this enrichment cannot be used as donors for either biomedical applications or the production of genome edited animals. Although genome editing using engineered nucleases, especially the CRISPR-Cas9 system, is highly efficient in a broad range of immortal cell lines, genome editing in primary mammalian cells is generally more challenging. The exact reasons for this remain elusive, but differences in transfection rates, promoter activity, exonuclease activity, and DNA repair fidelity may contribute.
In this study, both ZFN and CRISPR/Cas9 induced targeted mutations in primary PEFs at a frequencies of around 10%, which is lower than previously reported in immortal cell lines (Segal and Meckler, 2013) . Therefore, using a reliable selection strategy to improve the targeting efficiency in PEF is of importance. To our knowledge, this is the first report comparing the RGS and SSA surrogate reporter systems for enrichment of gene targeted porcine primary cells. The RGS reporter slightly outperformed the SSA reporter when used in conjunction with both CRISPR/Cas9 or a pair of ZFNs to enrich gene-disrupted PEFs at the identical SIGLEC-1 locus, making it an attractive tool to improve the efficiency of generating genome edited pigs. syndrome virus entry into target cells. J Gen Virol 94, 1955 Virol 94, -1960 
Figure Legends

